Abstract Dermal fibroblasts play essential roles in wound healing and their dysfunction has been shown to be associated with impaired wound healing in diabetes. In the present study, we aimed at investigating whether Yesassociated protein (YAP), a mediator of mechanotransduction in dermal fibroblasts, is associated with impaired wound healing in diabetic mice. Compared with that in the control, the rate of wound contraction was decreased twofold in db/ db type 2 diabetic mice (db/db mice). To mimic diabetic pathological condition, dermal fibroblasts were cultured under high glucose conditions (25.5 mM glucose). Further, dermal fibroblast-mediated contraction of wound was evaluated by in vitro collagen gel contraction assay. Dermal fibroblasts cultured under hyperglycemic condition showed impaired gel contraction and mitochondrial dysfunction, compared to the cells cultured under normoglycemic conditions (5.5 mM glucose). Importantly, compared with the normal dermal fibroblasts, diabetic db/db dermal fibroblasts expressed lower levels of growth factors and cytokines that enhance wound healing, such as insulin-like growth factor-1, stromal cell-derived factor-1, connective tissue growth factor, and transforming growth factor-b (TGF-b). The quantity of YAP mRNA was also lower in diabetic db/db dermal fibroblasts, compared with that in the control fibroblasts. These results indicate that impaired wound healing in diabetics is associated with the dysfunction of dermal fibroblasts, including downregulation of YAP, which plays essential roles in extracellular matrix remodeling and TGFb-mediated wound healing.
Introduction
Wound healing is a complicated biological process that is essential to tissue and organ homeostasis as well as regeneration of injured tissue [1] . Wound contraction following remodeling and stiffening of the extracellular matrix (ECM) is one of the essential factors in wound healing [2] . Abnormal wound contraction is associated with impaired wound healing [2] , such as pathologic scarring and chronic non-healing, including diabetic wounds [3, 4] .
Dermal fibroblasts are stromal cells that reside in the dermal layer of the skin and play vital roles in wound healing [5, 6] . They produce and secrete molecules that constitute the ECM, including collagens, elastin, and proteoglycan, [7] as well as various cytokines and growth factors such as stromal cell-derived factor-1 (SDF-1) [8] . The functions of dermal fibroblasts in wound healing are regulated by various signaling pathways involving transforming growth factor-b (TGF-b) [9, 10] , phosphatidylinositol-3-kinase (PI3K)/Akt [11] , Wnt/b-catenin [12] , and Yes-associated protein (YAP) [13] .
YAP is the terminal effector in the Hippo pathway [14] and regulates cell proliferation, regeneration, epithelialmesenchymal transition, and stem cell differentiation [15, 16] . YAP also acts as a mediator of mechanotransduction in stromal cells [17] . In the nucleus, YAP contributes to the transcriptional regulation of genes downstream in the Hippo pathway by forming a complex with the transcriptional enhancer associated domain (TEAD) family of transcription factors [14, 16, 18] . In response to the activation of the Hippo pathway, YAP is phosphorylated by upstream kinases, large tumor suppressor kinase 1 and 2 (LATS1 and LATS2), and then phosphorylated YAP is sequestered in the cytosol where it forms a complex with 14-3-3 protein [14] . Moreover, YAP regulates various signaling proteins in each pathway [14] . For example, phosphorylated YAP downregulates Wnt signaling [19] and recruits b-catenin and b-TrCP, leading to the degradation of b-catenin [20] . More importantly, YAP regulates the axis of TGF-b and connective tissue growth factor (CTGF), which is required for wound healing [21] . TGF-b signal controls wound healing via the regulation of CTGF expression [21, 22] . Therefore, the downregulation of YAP results in reduced expression of TGF-b and delayed wound healing [13] .
Our previous works demonstrated that YAP activation is associated with acceleration of diabetic dermal wound healing by substance P (in press), an important wound healing stimulator [23] . YAP is also required for cancerassociated fibroblast-mediated regulation of ECM stiffening [17] . Thus, here we sought to determine whether the expression of YAP is reduced in diabetic dermal fibroblasts that are associated with impaired wound healing and defects in wound contraction.
Materials and methods

Mice
Male db/db mice and C57BL/6 male mice were purchased from Laboratory Animal Resource Center of Korea Research Institute of Bioscience & Biotechnology (Daejeon, South Korea) and Central Lab Animal Inc. (Seoul, South Korea), respectively. Mice were maintained under controlled temperature (21-22°C) and light (12 hours light/12 hours dark cycles) with free access to drinking water and food. Eight to ten-week old mice were used for primary culture of dermal fibroblasts. All animal experiments were performed in compliance with protocols approved by the Institutional Animal Care and Use of Kyung Hee University (KHMC-IACUC 15-020).
Wound healing model
Eight-week old mice were anesthetized with ketamine (8 mg/kg, Yuhan corporation, Seoul, Korea) and rompun (Xylazine, 5.6 mg/kg, Bayer Korea, Seoul, Korea). The dorsal skin was shaved and wounded using a 4 mm biopsy punch. Hydrogel (Poloxamer F127, Sigma, St Louis, MO, USA) was applied to the wounds. Then, the wounds were dressed with Mepitel (Mölnlycke Health Care, Gothenburg, Sweden) and Tegaderm (3 M, Maplewood, MN, USA). Digital images of the wounds were obtained at 7 days postwound. Wound size was analyzed using Adobe Photoshop CS6. The wounds were harvested for further analyses at 7 days post-wounding.
Dermal fibroblasts
Fibroblasts were isolated from the dermis of normal or db/ db mice through treatment with type I collagenase (Washington Biochemical Corp., Freefold, NJ, USA). Dermal fibroblasts were cultured in fibroblast growth media (FGM2, Lonza, Switzerland) containing 2% fetal bovine serum, 5 lg/mL of insulin, 1 ng/mL of basic fibroblast growth factor, and 50 lg/mL of gentamicin. Cells between passages 6 to 10 were used for experiments. Human dermal fibroblasts were obtained from MTCC (Seoul, Korea) and maintained in FGM-2 (Lonza). For mimicking diabetic conditions, the human dermal fibroblasts (passage 6-9) were maintained in high-glucose (25.5 mM) Dulbecco's modified eagle's medium (DMEM, GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% FBS (JR scientific, Inc., Woodland, CA, USA) and 1% penicillin and streptomycin (P/S; Invitrogen). As the control group, the human dermal fibroblasts were maintained in low-glucose (5.5 mM) DMEM. All cells were maintained at 37°C in a humidified incubator containing 5% CO 2 .
RNA isolation and reverse transcriptionpolymerase chain reaction (RT-PCR) analysis
Total RNA was extracted from fibroblasts, using TRIzol TM reagent (Life Technologies) according to the manufacturer's instructions. Five lg of total RNA were used for single strand cDNA synthesis using Superscript FirstStrand cDNA Synthesis System (Life Technologies) according to the manufacturer's instructions. Real-time PCR was performed using Power SYBR Green PCR Master Mix (Life Technologies). Mouse ribosomal protein 36B4 gene was used as an endogenous control. The following primers were used to detect the expression of insulin-like growth factor 1 (IGF-1), stromal cell-derived factor-1 (SDF-1), connective tissue growth factor (CTGF), transforming growth factor-b (TGF-b), connective Yesassociated protein (YAP), and 36B4: IGF-1 (sense):
0 , and 36B4 (antisense):
After culturing the human dermal fibroblasts under normoglycemic or hyperglycemic condition for two passages (passage 6-8), the cells were seeded into 48-well plates at a density of 1.25 9 10 4 cells/mL or 5 9 10 4 cells/mL and cultured for 6 hours under normoglycemic or hyperglycemic condition. Then, the cells were incubated at 37°C for 4 hours in 2 mL of 1 9 MTT solution, which was made with 10 9 MTT solution and DMEM media without FBS. Next, the cells were incubated in 2 mL of (1:1) dimethyl sulfoxide (DMSO) and ethanol for 30 min. The optical density (OD) of the solution was measured at 540 nm.
Collagen gel contraction assay
Human dermal fibroblasts were cultured under normoglycemic or hyperglycemic condition for two passages (passage 6-8). Each group of the cultured cells were trypsinized and resuspended in low-(5.5 mM) or high-glucose (25.5 mM) DMEM at a cell density of 2.5 9 10 4 cells/mL or 5 9 10 4 cells/mL. Thereafter, equal volumes of the cells and 2 mg/mL type I collagen solution (Life Technologies) were mixed and added into 48-well plates, which were coated with 1% bovine serum albumin (BSA, Sigma), for 1 hour at 37°C. Then, the mixture was allowed to polymerize for 2 hours at 37°C and the solidified mixture was incubated in high-(25.5 mM) or low-glucose (5.5 mM) DMEM for 3 days. Collagen gel contraction was analyzed by weighing the gels and imaging them.
Statistical analysis
Quantitative data were presented as mean ± SD. Unpaired student t-test was applied to evaluate differences between two groups. Values of p \ 0.05 were considered statistically significant. All statistical analyses were performed using GraphPad version 5.01 (GraphPad Software, USA; http://www.graphpad.com).
Results
Wound healing process is delayed in diabetic mice
Previous studies demonstrated that wound healing is impaired in individuals with diabetes [24, 25] . Therefore, we examined wound contraction in a type 2 diabetic (db/ db) mouse model [26] compared with that in a control group. Type 2 diabetic (db/db) mice showed higher levels of blood glucose (576.9 mg/dL ± 6.22, n = 10) than the control (117.1 mg/dL ± 12.19, n = 10) (Fig. 1A) . Seven days after wound creation, full-thickness closure of the excision wound was significantly delayed (p \ 0.026) in db/db mice (21.48% ± 6.99, n = 4), compared with that in the control mice (44.69% ± 4.88, n = 5) (Fig. 1B and C) . Collectively, these results indicate that wound healing was impaired in type 2 diabetic (db/db) mice.
Mitochondrial dysfunction is induced by high glucose levels in human dermal fibroblasts
Mitochondrial dysfunction is associated with insulin resistance in peripheral tissues and hyperglycemia caused by malfunction of pancreatic b-cells [27, 28] . Oxidative damage caused by mitochondrial dysfunction is significantly associated with cellular dysfunction in various cells, including dermal fibroblasts that induce impaired wound healing [29] [30] [31] . Human skin derived dermal fibroblasts had been cultured in vitro under hyperglycemic condition or normoglycemic for two passages. They were then analyzed by MTT assay following short in vitro culture for 5 hours to examine mitochondrial function without any effect from proliferation. Human skin-derived dermal fibroblasts that had been cultured in vitro under hyperglycemic condition showed mitochondrial dysfunction, compared to the cells cultured under normoglycemic conditions (Fig. 2) . This result was confirmed with cells cultured at two different densities ( Fig. 2 ; A = 5 9 10 4 cells/mL). We concluded that human fibroblasts cultured under hyperglycemia condition mimic dermal fibroblasts derived from diabetes, and used the dermal fibroblasts to carry out collagen gel contraction assay.
Extracellular matrix contraction is impaired in dermal fibroblasts cultured under hyperglycemia
Collagen gel contraction assay was performed to investigate whether impaired wound contraction is associated with dysfunction of dermal fibroblasts. Collagen gel contraction was quantified as loss of gel weight (Fig. 3A) and change in gel size (Fig. 3B) . Collagen gel embedded with human dermal fibroblasts contracted in a dose-dependent manner (Fig. 3) . Importantly, collagen gel containing the dermal fibroblasts cultured under hyperglycemic induced a slow gel contraction, compared to the cell under normoglycemic ( Fig. 3A and B ; 0.25 A: 19.75 ± 0.63 mg, n = 4 gels mixed with diabetic dermal fibroblasts s versus 15.00 ± 0.82 mg, n = 4 gels mixed with the control; 0.5 A: 15.00 ± 1.225 mg, n = 4 gels mixed with diabetic dermal fibroblasts s versus 10.00 ± 1.225 mg, n = 4 gels mixed with the control). Therefore, it is likely that hyperglycemia caused a defect in dermal fibroblasts mediated gel contraction and the decreased gel contraction might cause impaired wound contraction in diabetes.
Expression of wound healing-associated genes is impaired in diabetic dermal fibroblasts
Various cell types mediate the complicated process of wound healing. Dermal fibroblasts play an essential role in orchestrating wound repair, including wound contraction [4, 5] , via extracellular matrix remodeling, growth factors, and cytokines [6] . We investigated whether impaired wound contraction in diabetic mice would be associated with differences in expression of growth factors and cytokines between dermal fibroblasts established from the control and from type 2 diabetic (db/db) mice. Compared to the control, type 2 diabetic (db/db) micederived dermal fibroblasts showed lower expression levels of insulin-like growth factor-1 (IGF-1: 0.34 ± 0.03, diabetic dermal fibroblasts versus 1.00 ± 0.14, the control), stromal cell-derived factor-1 (SDF-1: 0.45 ± 0.05, diabetic dermal fibroblasts versus 1.00 ± 0.22, the control), and connective tissue growth factor (CTGF: 0.47 ± 0.03, diabetic dermal fibroblasts versus 1.07 ± 0.16, the control), which are essential in wound healing and expressed by dermal fibroblasts [6] [7] [8] [9] [10] [11] (Fig. 4A-C) . TGF-b is one of the essential wound-associated growth factors [11] and is differentially regulated in normal and impaired wound healing [11, 12] . Expression of TGF-b was downregulated in type 2 diabetic (db/db) mice-derived dermal fibroblasts, compared with that in the control ( Fig. 4D ; 0.30 ± 0.13, diabetic dermal fibroblasts s versus 0.90 ± 0.22, the control). Moreover, expression of YAP was also reduced in type 2 diabetic (db/db) mice-derived dermal fibroblasts, compared to that in the control ( Fig. 4E ; 0.66 ± 0.23, diabetic dermal fibroblasts s versus 1.26 ± 0.43, the control). Therefore, these results indicate that the axis of YAP, TGF-b, and CTGF is compromised in diabetic dermal fibroblasts. 
Discussion
Dysfunctions of dermal fibroblasts are associated with chronic non-healing wounds such as diabetic wounds. Diabetic wound healing is characterized by deficiencies both in the expression of wound healing promoting factors and in wound contraction. In this study, we demonstrated the defect of diabetic dermal fibroblasts in matrix contraction through in vitro collagen gel contraction assay. Moreover, we also demonstrated that the expression levels of SDF-1, IGF-1, CTGF, and TGF-b were decreased in diabetic dermal fibroblasts, compared with that in the control. Additionally, we demonstrated that YAP expression was reduced in diabetic dermal fibroblasts that are associated with defects in wound contraction. Cutaneous wound healing is impaired in diabetics [4] . Defects in various steps of wound healing, including re- epithelialization, angiogenesis, the ECM synthesis, inflammation response, and contraction, are associated with impaired wound healing [32] . Synthesis of various growth factors and cytokines is also impaired in diabetic wounds [4] . The axis of TGF-b and CTGF is essential in inducing wound healing [10, 22] . There are three isoforms of TGF-b: TGF-b1, TGF-b2, and TGF-b3 [33] . All of the isoforms are expressed in wounds [22] and play roles in various steps of wound healing, such as inflammation, fibroblasts proliferation, and collagen synthesis and deposition [34, 35] . Importantly, it is known that TGF-b signal is impaired in chronic wounds [36] and venous ulcer fibroblasts decrease TGF-b signal following decrease in the expression of TGF-b receptor [37] . CTGF, which is downstream of TGF-b, also plays important roles in wound healing [21, 22] . Dermal fibroblasts express CTGF [38] , which enhances angiogenesis through increasing migration, survival, and proliferation of endothelial cells [39] . Our current study demonstrated that expression of both TGF-b and CTGF was also downregulated in diabetic dermal fibroblasts, compared with that in the control. It is likely that the decreased expression of TGF-b and CTGF in dermal fibroblasts is associated with impaired wound healing in diabetes.
The important axis of TGF-b and CTGF functionally interacts with YAP during wound healing [13] . Knockdown of YAP results in delay of wound healing and decreased expression of TGF-b in wounds [21] . Moreover, YAP knockdown also reduces CTGF expression [13, 25] as well as the expression of Smad2 that is an essential mediator of TGF-b signaling [13] . We demonstrated that YAP expression was downregulated in diabetic dermal fibroblasts that expressed lower levels of TGF-b and CTGF than the control. Therefore, it is possible that the reduced expression of YAP induced the decreased expression of wound healing stimulators such as TGF-b and CTGF in diabetic dermal fibroblasts.
Previously, we demonstrated that YAP expression is downregulated in wounds of type 2 diabetic db/db mice (in press). Interestingly, substance P accelerates wound healing in type 2 diabetic db/db mice and the acceleration of wound healing is associated with the increased expression of YAP (in press). Therefore, our previous and current results collectively indicate that YAP would be a novel target of treatment in diabetes with chronic non-healing wounds.
